Ground-based optical position measurements of space debris in low earth orbits by Hampf, Daniel et al.
GROUND-BASED OPTICAL POSITION MEASUREMENTS
OF SPACE DEBRIS IN LOW EARTH ORBITS
D. Hampf, W.Riede, G. Sto¨ckle, I. Buske
DLR, Institute of Technical Physics, 70569 Stuttgart, Germany
Abstract
The increasing amount of space debris requires the satellite operators to handle a growing number of collision
risk assessments in order to eventually perform collision avoidance manoeuvrers. For this scheme to work
effective and reliable, the acquisition of highly accurate orbital position data of detected threatening space debris
is necessary.
The successful experimental demonstration of our earlier published concept on laser-based distance mea-
surements of space debris in low earth orbits has proven this technique to be feasible for this task. Hereby a
powerful short pulse laser system within a ground-based transceiver set-up is used to measure the time-of-flight
of the back-scattered laser pulse from the space debris object. The time-of-flight information ultimately correlates
with the object distance.
A passive optical tracking unit equipped with a highly sensitive camera system is used for initial localisation
and coarse determination of the debris position to guide the laser towards its target. In addition this unit provides
the capability to determine accurate angular position information using the recorded star background.
To experimentally investigate the potential contribution of a passive optical tracking unit for the debris position
determination and to further develop our proposed concept, we have installed a passive-optical station at the
public observatory on the Uhlandsho¨he in Stuttgart. We will discuss the requirements and the technical difficulties
to set up such a system. Thereby we highlight the system parameters which influence the measurement accuracy
as well as the debris size threshold. Furthermore we will give an outlook on our planned developments for the
future.
1 INTRODUCTION
The space-flights conducted since the mid of the 20th
century have resulted in a type of environmental pol-
lution which is not usually addressed in discussions
about sustainability, but may become a serious prob-
lem in the near and mid-term future: Space debris.
Summarised under this term are leftovers from all
sorts of activities in space, mainly in earth orbits
of different heights. Typical objects include defunct
satellites, rocket bodies and boosters and fragments
thereof, which may be produced by mechanical break-
ups, explosions or collisions. At low earth orbits, up to
a few hundred kilometres, debris objects are deceler-
ated by the residual atmosphere, which eventually re-
sults in a re-entry into the atmosphere and a decrease
of the amount of space debris in orbit. At higher al-
titudes, however, in-orbit times range from decades
(around 600 to 800 km) to centuries (above 800 km)
[17].
The most crowded orbits today are the LEO (low
earth orbit, up to 2,000 km altitude) and GEO (geo-
stationary orbit, about 36,000 km altitude). Within the
LEO, objects cluster especially around altitudes of 800
to 1,000 km [12]. At these altitudes, the risk of a colli-
sion between a debris object and an active spacecraft
is not negligible. Since there are different popular in-
clinations among the orbits, large impact angles may
occur, and relative velocities of colliding bodies can
exceed 10 km/s [17]. Dedicated observation schemes
are in operation world-wide to detect debris objects
and record their orbits. For example, the US Space
Surveillance Network maintains several radar and op-
tical telescopes that continuously monitor objects in
space, the majority of which are space debris. The re-
sulting data is used (among other things) for real-time
risk assessment, and warnings are issued to satellite
operators in case of an impending collision.
The results are partly available to the public, e.g.
through the SATCOM catalogue [8]. By mid 2013, the
catalogue contains almost 17,000 objects, of which
13,000 are classified as debris. The current survey
capabilities are limited to objects above a size of about
10 cm. It is estimated that there are about 700,000 de-
bris objects in LEO with sizes greater than 1 cm [22].
Currently, most observations of debris in LEO are
conducted using radar facilities [17]. There are, how-
ever, also plans for an increased use of optical obser-
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vations for this task. This seems especially promising
if the passive optical observations are coupled with an
active channel for laser ranging, as explained in sec-
tion 2 of this paper. In section 3 a new experiment is
described, which is currently being installed at the ob-
servatory of Stuttgart with the goal to test and demon-
strate the capability of active optical space debris ob-
servations. In sections 4 and 5 the planned measure-
ments and some first results are presented.
2 OPTICAL MEASUREMENTS OF
SPACE DEBRIS
2.1 Passive optical observations
Passive optical observations can be used both to de-
tect new space debris particles as well as to track and
further characterise the objects. This scheme uses
the fact that orbital objects are illuminated by the sun
and reflect part of the sunlight to the observer on the
ground. The objects appear as quickly moving spots
against the fixed star background.
As noted already in the introduction, observations of
space debris in LEO are today usually conducted by
radar facilities, while optical observations are mostly
used for observation of objects at GEO altitudes.
There are, however, notable exceptions: For exam-
ple, the Magdalena Ridge Observatory [16] in New
Mexico, USA, is used for precise tracking of previously
discovered objects and their characterisation, e.g. by
recording of light curves (which translate into informa-
tion about the object rotation). There have also been
simulation studies indicating that a network of optical
sensors can reach the same performance as a radar
network concerning object discovery and determina-
tion of orbital parameters [11].
A main caveat of optical observations is a problem
well-known also in astronomy: From the observations
alone it is not possible to deduce the object’s distance,
or its altitude above the ground. This factor constitutes
the main source of error in the calculation of the orbital
parameters. One possible solution might be the simul-
taneous observation of the same target from different
sites [18]. Another option is the measurement of the
object distance by means of laser ranging, which will
be introduced in the following subsection.
2.2 Active optical observations
In contrast to the passive optical observations, where
the object is illuminated by the sun, active optical ob-
servations require the illumination of the object by a
strong, pulsed laser beam (sender channel). With a
sensitive detector (receiver channel) the returning light
pulses can be measured and correlated to the pulses
sent by the laser. The time difference between the
pulse emission from the laser and the detection of the
returning pulse provides a direct measurement of the
distance between the observer and the targeted object
(laser ranging) [6, 20, 23].
While this method alone cannot detect new objects,
it can be used to determine orbital parameters of pre-
viously detected objects with much greater accuracy
and with fewer measurements (which in turn increases
the potential of the system to record more objects per
time interval). Typically a space debris observation
system would combine a passive channel for the ini-
tial detection of the object and its tracking, and a laser
ranging unit to determine the distance.
For a number of satellites, laser ranging is rou-
tinely employed to obtain precision data on their or-
bits (satellite laser ranging, SLR, [7]). While the tech-
nology is similar to active optical debris observations,
there are some significant differences: First, the or-
bits of the satellites used for SLR are very well known
beforehand. Therefore, the satellites can be targeted
using orbital parameters alone, and SLR stations do
not need a passive optical channel to track or even
detect objects. Second, the expected return time of
the light pulse is very well defined due to the known
orbit, and the receiver can be gated to a very nar-
row time window, thus minimising the noise. Third,
the satellites targeted by SLR stations are equipped
with retro-reflectors which project a significant amount
of light back to the light source, while space debris will
usually only produce diffuse reflection. On the other
hand, the time resolution usually aimed at is in the pi-
cosecond regime in order achieve accuracies of mm
in the distance measurements, which are needed for
the objectives of typical SLR applications but not for
space debris observations. Nevertheless, the tech-
nology and the experience available at SLR stations
can be a guide for the development of facilities for the
active optical space debris observations.
So far, laser ranging to space debris objects has
only been successfully attempted by few projects: In
Australia, the EOS Space Debris Tracking System
uses a 100 W Nd:YAG laser and a 1.8 m telescope
to track objects down to 10 cm size [19], success-
fully demonstrating the power of this technique. In
Europe, the DLR Stuttgart and the SLR station Graz
have tracked a number of un-cooperative objects (i.e.
not equipped with retro-reflectors) during a test cam-
paign in 2012. Using a 1 kHz Nd:YAG laser with 10 ns
pulse duration and 25 mJ pulse energy, the distances
to objects in LEO could be measured with accuracies
better than 1 meter [9].
3 EXPERIMENTAL SET-UP
To further develop the concept of active optical mea-
surements an experimental system is currently being
Figure 1: The experimental set-up at the Stuttgart ob-
servatory as of June 2013.
installed at the public observatory of Stuttgart. The
final system will consist of a passive optical channel
used to detect and track objects, and an active optical
channel used for laser ranging.
A first version of the passive optical channel has
seen first light on April 14th, 2013. Currently, hard- and
software of the system are tested and developed fur-
ther. In particular, different configurations, e.g. differ-
ent cameras, filters or additional optical components,
are tested to achieve the best possible performance.
Apart from that, the system is being upgraded to au-
tomatise as many functions as possible and to in-
crease the system accuracy and reliability. The instal-
lation of the active optical path is foreseen for 2014
and 2015.
3.1 Infrastructure
Since the main objective of the installation will be
the test and demonstration of new technologies rather
than routine observations of orbital objects, a good in-
frastructure and accessibility has been given prece-
dence over observing quality during the site selec-
tion. The public observatory in Stuttgart1 has proven
to be the ideal place for this. Located in the heart
of Stuttgart, about 20 minutes by car from the insti-
tute and only a short walk from the city’s main station,
it allows for an efficient installation process and un-
constrained experimenting time. A non-profit society
maintains regular amateur astronomical observations
and public outreach activities at the site and offers in-
valuable assistance in the set-up and tuning of the in-
struments.
The observatory is located at 48◦ 47’ 00.26” N,
9◦ 11’ 50.91” E at an altitude of 351 meters above sea
level. The experiment is located on the roof of the
main building, protected by an Astrohaven clamshell
dome with a diameter of 3.6 m and a height of about 3
1Schwa¨bische Sternwarte, http://www.sternwarte.de/
Total aperture 432 mm
Corrected aperture 396 mm
Focal plane Ø 52 mm
Focal length 2939 mm
Focal ratio f/6.8
Table 1: Specifications of the Planewave CDK 17”
telescope used for the experimental set-up [13].
Slewing speed 20◦ / s
Acceleration 20◦ / s2
Absolute pointing accuracy < 5 arcsec
Sidereal tracking accuracy < 1 arcsec
Table 2: Specifications of the Astelco NTM-500 mount
[2].
m (Fig. 1). Apart from about 10 degrees in azimuth to-
wards north, where the view is blocked by another part
of the building, the location provides an unobstructed
view into all directions down to the horizon. The equip-
ment can be controlled either from within the dome, or
from a workstation in the main building while monitor-
ing the interior of the dome with a surveillance camera.
The drawbacks of the site are the poor weather con-
ditions typical of north western Europe, and a rela-
tively high level of light pollution from the city. The
latter point is mitigated, however, by the fact that the
view towards south east (which is the best direction for
satellite viewing in the evening hours) is directly away
from the city centre and towards sparsely populated
areas of the mountains surrounding the city (see sec-
tion 5.2 for first measurements of the light pollution).
3.2 Passive optical channel
For the passive optical channel a 17” (43 cm)
PlaneWave Corrected Dall Kirkham telescope [13] is
used (see table 1 for the specifications). It is mounted
on an equatorial Astelco NTM-500 mount, which of-
fers a fully computerised control with high pointing ac-
curacy and short slewing times (see table 2).
Two different focal plane arrays are available for
recording images from the telescope:
• Finger Lakes Instruments (FLI), ProLine 16803: A
CCD astrocamera with a large chip (and therefore
field of view) and high resolution.
• Andor, iXon DU 897 Ultra: An emCCD camera
with a smaller chip, high sensitivity and a high
frame rate.
Table 3 summarises the most important specifications
of the two cameras. All observations presented in sec-
tion 5 have been conducted using the FLI camera.
First tests using the Andor iXon camera are foreseen
for the coming months.
FLI PL iXon
Field of view [◦] 0.7 0.16
Resolution [pixels] 4096 x 4096 512 x 512
Pixel size [µm] 9 16
Scale [arcsec / pixel] 0.63 1.12
Integration time [s] 0.02 0.01
RO time [s] 2.1 ∼ 0
RO noise [e− / pix] 9 0.4 (equiv.)
dark noise [e− / pix / s] 0.07 0.001
Table 3: Specifications of the two cameras available
for passive optical observations. The field of view and
the scale are only valid for the described set-up using
the CDK 17” telescope. The integration times refer to
shortest possible exposures, and all values refer to full
resolution mode [4, 1, 14].
Figure 2: The passive optical set-up as of July 2013.
The main telescope is the Planewave CDK 17” de-
scribed in the text, the two smaller telescopes are so
far only used for calibration and tests. The light from
the main telescope is recorded by an FLI ProLine cam-
era equipped with a 7-slot filter wheel.
To further optimise the performance of the system,
wavelength filters can be inserted into the optical path.
The possible benefit for the operations that can be
achieved, e.g. by filtering out typical wavelengths in-
duced by man-made light pollution, will be investi-
gated. Additionally, a focal reducer can be inserted
to increase the field of view at the expense of the res-
olution. Figure 2 shows the passive optical set-up as
of July 2013.
3.3 Active optical channel
The active optical channel is currently in its design
phase. The goal is to test, tune, characterise and
demonstrate a system to measure distances to orbital
objects using laser ranging. The system will consist of
a sender channel, i.e. a pulsed laser, and a receiver
channel, i.e. a sensitive photon detector.
The laser envisaged for the first tests should have
a pulse rate of about 1 kHz and a pulse energy of
a few ten mJ. While this will suffice for the principle
test of laser ranging in our facility, it should be em-
phasised that for detecting smaller debris particles
stronger lasers are needed, which are under devel-
opment [5]. From our calculations it seems that a
Yb:YAG laser used at its fundamental wavelength of
1030 nm may be well suited for this application [21].
Since it is not feasible to install such a strong laser
onto a fast telescope mount, the laser will remain sta-
tionary and the laser beam will be guided via a mirror
system onto the target.
The detector must be sensitive to single photons in
the desired laser wavelength range. In principle, sili-
con and InGaAs avalanche photodiodes are promising
candidates for wavelengths in the near-infrared. Vari-
ous commercial detector modules are currently being
evaluated. In parallel, the optical path of the passive
optical channel is being modified to couple out some
light at the laser wavelength and guide it onto the de-
tector.
The read-out electronics must register the exact
time between the emission of the laser pulse and the
signal of the returning photons. For this, a PicoQuant
TimeHarp 260 module is foreseen. Additionally, the
system will need to gate the detector to the anticipated
arrival time of the photons in order to suppress noise.
This is a non-trivial feature, since it requires an a-priori
knowledge of the object distance. It is currently fore-
seen to use a custom FPGA module for this task. If
the dead-time of the detector and the readout system
is acceptable, it may also be possible to register all
photon signals and to evaluate the signals off-line with
variable assumptions about the object distance.
4 OBSERVATION MODES
This section introduces the observation modes that
are implemented or planned at our observatory. The
tracking modes ’Leap Frog Tracking’ and ’Continuous
tracking’, which are described in subsections 4.1 and
4.2, can both be used for tracking objects with known
orbits (subsection 4.3) and objects without known or-
bits (subsection 4.4).
4.1 Leap Frog Tracking
In this mode, the software calculates the position
where the searched-for object is expected to be a few
seconds later (5 to 15 seconds have been found to
work well for our system). The telescope then slews to
this position and holds there. At the exact point in time
when the object is expected to cross the field of view,
the camera starts a short exposure (typically between
0.05 and 0.4 seconds for our current configuration). In
Figure 3: Image recorded with the described set-up
(FLI-camera) on April 14th, 2013. The arc is produced
by the bright track of satellite Resurs DK-1, a Russian
science vessel approximately 3 x 8 x 10 metres in size.
Apart from the arc about 30 stars are visible, albeit
much weaker than the track imprinted by the satellite.
The exposure time is 0.1 seconds, the pixel binning is
2.
the resulting image the stars appear as points while
the tracked object produces an arc, whose length is
determined by the angular velocity of the object and
the exposure time. Figure 3 shows an image recorded
in this mode.
The analysis of such an image yields the coordi-
nates of the satellite at the beginning and end of the
exposure time. The exact pointing of the telescope
can be derived from the stars visible in the field of view
by referencing with a star catalogue. The satellite co-
ordinates can be inferred subsequently taking into ac-
count the transformation matrix between camera co-
ordinates and astrometric coordinates. To break the
ambiguity between start and end of the track, the flight
direction must be known (can be inferred from the po-
sition of the previous or subsequent image). During a
typical pass of an object, several dozen images can
be recorded, which can subsequently be used to de-
rive the orbital parameters.
For this mode, the telescope can be operated in
a fairly ordinary fashion (using standard go-to com-
mands as used for astronomical observations). The
camera, however, must be triggered with high tempo-
ral accuracy, since the satellite moves through the field
of view in less than a second (towards zenith, an ob-
ject in LEO has an angular velocity of about 1◦ per
second).
Figure 4: Image taken while tracking satellite SL-8
(satellite number 03230) on 2013-07-11 at 22:06 UTC.
The satellite appears as bright point in the lower right
corner. A few stars are visible as arcs. The exposure
time is 0.5 seconds, the pixel binning is set to 3.
4.2 Continuous Tracking
In this mode, the telescope is constantly moving to
keep the object continuously within the field of view.
Images can be taken at any time, relaxing the demand
of exact camera triggering. However, for the later eval-
uation of the images and the calculation of orbital pa-
rameters the recording times of the images must be
accurately known. Images taken in this mode show
the object as small point (in case of perfect tracking
the size of the point is only determined by the quality of
the optics, the seeing and possibly the non-negligible
extension of the object) and the stars as arcs. The
determination of the astrometric position requires the
reduction of these arcs to their start or end points. In
figure 4 an example of an image recorded in this mode
is shown.
While a pure passive optical determination of ob-
ject orbits can make use of either leap-frog or contin-
uous tracking, the combination with an active optical
channel requires the use of the latter to keep both the
sender and the receiver continuously on target.
4.3 Tracking objects with known orbital
parameters
For the test of a new system it is convenient to track
known, bright objects. But also in actual debris mon-
itoring there is a need for this observation mode: In
many instances, the approximate orbital parameters
of an object are known from previous observation (ei-
ther from the same or from a different instrument), and
follow-up observations are scheduled to update the
parameters. This is particularly important for objects
in low altitudes, where the residual atmosphere can
have a noticeable, but hard to predict, impact on the
flight path. Also, detailed, highly accurate follow-up
observations are necessary if preliminary data from
survey observations indicate a possible risk of con-
junction. Both these scenarios, and especially their
combination, can be a prime objective for the use of
laser ranging (see also section 2.2).
Currently, the popular two-line elements (TLE) are
used for tracking objects in our experiment, but pre-
dictions using other orbital parameter sets can be im-
plemented easily in the software. It turns out, how-
ever, that the accuracy of the TLE data is usually good
enough to detect the object in the large field of view
of the current set-up. Nevertheless, the object is of-
ten not very well centred in the image, and may even
gradually drift out of the field of view during the track-
ing. To improve this situation, a closed loop control
has been implemented, which corrects possible devi-
ations between the actual object position and the tele-
scope pointing.
4.4 Tracking objects without known or-
bital parameters
For the discovery of debris particles which are not
yet catalogued or appear far away from their expected
path, the system must be able to discover new objects
by itself. For this, the system is set to a fixed position
in the sky, usually at rather low altitude angles, and
takes images continuously. The most promising view-
ing directions and the expected number of detections
are given in [15]. To catch as many objects as possi-
ble, the images should be taken with as little dead time
in between as possible. For our current system, the
read-out of the camera data to the computer poses the
bottleneck that limits the image rate. Using a rather
coarse binning, e.g. three to five, proves to be benefi-
cial for these observations for two reasons: First, the
data transfer can be sped up by more than an order
of magnitude, second it results in more light per pixel
generated by an object flying through the field of view.
With a binning of three, images can be taken about
every three seconds in the current configuration (FLI
camera). With the Andor camera, on the other hand,
it will be possible to record many images per second.
To ’capture’ an object and to start tracking, each im-
age must be inspected automatically directly after the
exposure. If an arc is found, its position, length and
direction are extracted and used to predict the object’s
apparent flight path for the next few seconds. It has
been found that the assumption of a linear path is suf-
ficient for this task [14]. In leap-frog tracking mode,
the telescope slews to a position a few seconds ahead
and takes an image at the predicted time of arrival. In
continuous tracking, the telescope starts moving into
the predicted direction with an velocity inferred from
the track length.
Again, this operation is complicated by the ambigu-
ity of the track direction, i.e. the telescope may start
tracking exactly opposite of the correct direction. If the
object appears in two subsequent images taken from
the same position, this problem can be remedied. At
low altitude angles, this is usually possible due to the
relatively low angular velocity of the object.
5 FIRST RESULTS
5.1 Operational parameters
From April to July 2013, the system has been used
for observations in about 20 nights. The main reasons
for loss of observation time are cloudy skies, followed
by conflicting duties of the operators. The observa-
tions have been used to rate and optimise the system
performance and to gather information about the envi-
ronmental parameters. Additionally, several objects in
LEO with known orbital parameters have been tracked
successfully in leap-frog mode.
5.2 Environmental data
In various runs the telescope has been pointed to sin-
gle, bright stars for periods of ten up to thirty minutes.
Images have been taken continuously and the exact
position of the star has been determined by fitting a
Gaussian distribution. The displacement of the star in
between images is in part due to turbulences in the
atmosphere (fast changes), in part due to imperfec-
tions of the telescope tracking (slower changes). In
figure 5, one example of such a run is shown. If the
low frequency changes due to the telescope tracking
are subtracted, the remaining fast jitter is in the order
of 1 arcsecond (1 sigma, along one image axis). The
seeing, i.e. the displacement due to air turbulences,
is calculated from the total displacement in both axes,
and amounts to about 1.5 arcseconds in this exam-
ple. In various runs, similar measurements have been
taken with different pointings in azimuth (towards the
grasslands in the hills versus towards the city centre)
and altitude. Overall, the seeing is found to be in the
order of 1.1 to 1.8 arcseconds, which is a reasonable
result.
To measure the light pollution, the procedure de-
scribed in [3] is used. The first preliminary results in-
dicate that the night sky brightness in the B band is
around 19 mag / arcsec2 (depending on the viewing
direction).
During the course of the project, these and other
environmental parameters (percentage of cloudless
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Figure 5: Position of the centre of the star Vindemia-
trix (mag = 2.85) along one axis in the image. During
the observations, the star appeared at altitudes of 21
to 24 degrees above the horizon. The deviations from
nominal position are due to seeing and tracking inac-
curacies.
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Figure 6: Distance of tracked object (middle of trail)
from camera centre for observed passes of satellites
Spot 5 (2013-07-07, red crosses) and IRS-P4 (2013-
07-11, blue circles).
nights, extinction, etc.) will be measured in more de-
tail.
5.3 System performance
After establishing a first pointing model, the free blind
pointing accuracy of the telescope was tested on
about forty bright stars and found to be in the order
of 25 arcseconds (1 sigma). It is expected that this
value will improve towards the nominal five arcsec-
onds upon creation of a more accurate pointing model.
The medium term tracking accuracy (10 minutes) for
stars is in the order of one arcsecond, as stated by the
mount manufacturer (see also figure 5).
The telescope can reach an arbitrary position in the
sky in about ten to thirty seconds (the times around
thirty seconds are usually due to a pier flip). During
tracking of orbital objects, a new telescope position is
usually reached and stabilised within three seconds.
Using the closed loop feature, tracked orbital ob-
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Figure 7: Trajectory of Envisat as observed during
a pass at 2013-07-12 around 20:44 UTC. The black
open circles denote the position predicted by TLE
data, the red crosses show the measured position.
Only half of the measured trajectory is shown for bet-
ter visibility.
jects are usually captured within one to three arcmin-
utes from the camera centre. Figure 6 shows the
distance of the track from the camera centre for two
tracked objects. The improvement achieved by the
closed loop feature, which is enabled after three im-
ages, is clearly visible.
The main reason for the remaining offset is the jitter
of the camera trigger: So far, the camera is software
triggered by the PC over an USB interface, and the
time difference between the nominal start of exposure
and the actual opening of the shutter is not well de-
fined. Currently, upgrades to overcome this problem
are being designed.
In continuous tracking mode, this time jitter is how-
ever not impeding the closed loop tracking, and it is
therefore expected that even with the current cam-
era system a much more accurate tracking can be
achieved there. Unfortunately, not enough data could
be gathered yet to evaluate this.
5.4 Observed objects
In table 4, a selection of so-far tracked objects is
shown along with the amount of data recorded. All
observations presented here have made use of leap-
frog tracking. Typically, around 20 to 50 images can be
recorded in the case of successful tracking. The small-
est objects tracked so far have been the DLR-Tubsat
and the Turkish earth observation satellite RASAT.
The observation of smaller objects is impeded mainly
by the night sky brightness at the observatory site. In
leap-frog mode, the object remains only a few millisec-
onds on each camera pixel, therefore short exposure
times and large binnings must be used for small, faint
orbital objects.
Figures 7 to 9 show typical examples of data gath-
ered during a satellite pass, in this case for the ob-
Name Date Images Duration Size (m)
Alos Daichi 06-08 39 7:00 4.5 x 6.5 x 28
Envisat 06-18 20 3:30 4.5 x 10 x 26
07-12 53 9:30
Rapideye 3 07-07 10 3:00 0.8 x 0.8 x 0.8
RASAT 07-12 20 5:00 0.6 x 0.6 x 0.6
DLR-Tubsat 07-12 10 1:00 0.4 x 0.6 x 0.6
Table 4: Collected data of tracked objects (selection). Dates are in month / day and all in the year 2013. The
size given in the last column is taken from DISCOS [10] and indicative only.
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Figure 8: The cross-track and along-track errors mea-
sured during the pass of Envisat on 2013-07-12.
servation of Envisat on July 12th, 2013 from 20:39 to
20:49 UTC. In figure 7, the measured orbital positions
are shown in comparison to the positions expected
from TLE data from Celestrak [8]. To derive the ob-
served object position with high precision, the pointing
of the telescope is not inferred from the nominal point-
ing of the mount, but from the position of the stars
visible in the field of view2. While prediction and ob-
servation agree quite well, a small deviation along the
track is already visible in this plot.
The deviations between predicted and observed po-
sition are plotted in detail in figure 8. They are split up
into the components parallel (along) and perpendic-
ular (cross) to the predicted track. Several features
can be seen here: First, both errors increase towards
the middle of the observation, where the object has
reached its highest altitude (about 83◦ in this case)
and thus its highest angular velocity. Especially the
along track error, which is caused mainly by the delay
between the PC trigger signal and the actual start of
exposure, increases significantly due to the increased
angular velocity. The cross track error, on the other
hand, is not affected by the camera trigger delay and
is therefore much smaller. During the ascension, it is
well below 50 arcseconds. After the meridian pass
of the object, and the resulting pier flip of the tele-
scope (which also causes the gap in the data), the
cross track error reaches values of up to about one
2Using the software package Pinpoint, http://pinpoint.dc3.
com/
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Figure 9: Angular velocity of Envisat as observed dur-
ing the pass at 2013-07-12. The measured angular
velocity (red crosses) is derived from the track length
and the nominal exposure time of the camera (here:
0.1 seconds). The predicted angular velocity (blue
dots) is derived from TLE data.
arcminute. The reason for this is not yet understood.
During the descent, both errors decrease to the values
observed during the start of the observation.
While the errors recorded here are largely due to
inaccuracies of the current experimental set-up, it
should be noted that the prediction based on public
TLE data is also not perfect. Once the known issues
impeding the accuracy are solved, it is planned to eval-
uate and further refine the instrument accuracy using
more precise orbital data obtained e.g. by SLR sta-
tions or from the satellite operators.
Figure 9 shows the angular velocity of the object
as inferred from the track length in the images along
with the prediction from TLE data. While the shape
of predicted and observed velocities agree very well,
there is a significant systematic offset between the
two. The reason for this offset seems to be that the
camera shutter remains open beyond the nominal ex-
posure time. Indications for this behaviour have also
been found in other, independent measurements (e.g.
recorded star brightness versus exposure time). From
the smoothness of the observed data curve it is antic-
ipated that the deviation of the exposure time is rather
constant. It is therefore expected that the offset can be
compensated for once it is accurately measured and
characterised.
6 SUMMARY AND OUTLOOK
In this paper, the current status of the space debris
observations in Stuttgart have been presented. A first
version of the set-up has been used for test obser-
vations from April 2013 to July 2013, and some early
results concerning the instrumental performance have
been presented. In the near future, the system will be
further upgraded and characterised with the goal to al-
low precise passive-optical tracking of large space de-
bris objects. On the one hand this can be used to eval-
uate and demonstrate the potential of pure passive
optical observations of space debris in LEO. On the
other hand this system will be the cornerstone for the
development of an active observation channel using
laser ranging, which requires detection and accurate
tracking of orbital objects by passive optical means. It
is anticipated that the development and set-up of the
active channel can start in 2014 with first results in
early 2015.
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